Abstract: Desalination of sea or brackish water sources to provide clean water supplies has now become a feasible option around the world. Escalating global populations have caused the surge of desalination applications. Desalination processes are energy intensive which results in a significant energy portfolio and associated environmental pollution for many communities. Both electrical and heat energy required for desalination processes have been reduced significantly over the recent years. However, the energy demands are still high and are expected to grow sharply with increasing population. Desalination technologies utilize various forms of energy to produce freshwater. While the process efficiency can be reported by the first law of thermodynamic analysis, this is not a true measure of the process performance as it does not account for all losses of energy. Accordingly, the second law of thermodynamics has been more useful to evaluate the performance of desalination systems. The second law of thermodynamics (exergy analysis) accounts for the available forms of energy in the process streams and energy sources with a reference environment and identifies the major losses of exergy destruction. This aids in developing efficient desalination processes by eliminating the hidden losses. This paper elaborates on exergy analysis of desalination processes to evaluate the thermodynamic efficiency of major components and process streams and identifies suitable operating conditions to minimize exergy destruction. Well-established MSF, MED, MED-TVC, RO, solar distillation, and membrane distillation technologies were discussed with case studies to illustrate the exergy performances.
Introduction
Freshwater is an essential commodity for sustaining human life on earth [1] . World population has tripled during the past century while the water withdrawal rates increased by six times for various uses [2] . Increasing population, rapid industrialization followed by urbanization and high living standards are the causes for this increased water withdrawals around the world. Many regions in the world are not able to meet the ever-increasing water demands due to both diminishing water resources and impairment of available surface and ground water sources leaving desalination as an option of freshwater supplies [3] . Desalination processes require large quantities of energy for water purification which are significantly higher than the energy requirements by conventional surface water treatment processes [4, 5] . This energy is usually supplied both in the form of thermal and electrical energy. The energy-intensive nature of desalination processes places concomitant demand for energy sources as well. This situation can be termed as "water for oil" [3] . While the energy requirements for desalination processes can be met by various energy sources, many countries that lack water sources also lack conventional energy sources such as fossil fuels. This situation creates a need for efficient use of available energy sources for other beneficial processes as well as careful allocation of energy sources for freshwater production. This can be done by efficient process design, energy conservation, utilization and techno-economic analysis, and development of the systems under study. While the first law of thermodynamics has been conveniently used to quantify the energy efficiencies of a process, it does not provide a true measure of process efficiency since the energy supplied to a system can never be recovered in its original form or quality. Energy is transformed or converted into other forms in the process of utilization.
In process development, especially in thermal systems, a common phrase that is widely used is "energy consumption" of delivering a product. While this term seems to be clear and sensible, the actual meaning and the understanding of "energy consumption" is not true. This is because according to the first law of thermodynamics, energy can neither be created nor destroyed, rather it is a conservative property. This means that energy can never be consumed or lost, however, energy can be transformed into other forms. Its quality may be degraded as the work is produced or converted into other forms but it is never lost or destroyed. For this reason it would be convenient to say "energy transformed" or more meaningfully "energy utilized" rather than "energy consumed". However, the degradation in quality or availability of work should be properly accounted which is called exergy. Exergy is part of the energy embedded in a substance that can be transformed into other forms [6] . Exergy is also known as the quality of the work that could be performed by an energy source. Therefore, the first law of thermodynamics refers to the energy efficiency which is more of a quantitative term while the second law of thermodynamics refers to the quality of energy.
Exergy is defined as the quantity of available work in a reversible process when some matter is allowed to reach a state of thermodynamic equilibrium with its surrounding nature. This means, exergy of a system represents the maximum amount of available work at a certain thermodynamic state with reference to its surroundings. Exergy is actually related to ideal work. It should also be emphasized that there is a strong link between exergy and entropy since entropy production is equivalent to exergy loss, which again is equivalent to lost work. Therefore, exergy is the ability to produce work and entropy is the system's inability to do work.
Energy, Entropy, and Exergy Relationship
While energy cannot be lost, exergy can be lost or consumed (i.e., destroyed) [7] [8] [9] . Exergy consumed is converted to entropy. When heat transfer occurs between two bodies from the hot side (T 1 ) to the cold side (T 2 ), energy transfer takes place at the expense of a thermal gradient. Although an energy efficiency of 100% can be achieved between the two bodies, the resultant body temperature may not be same as the source from which the heat transfer occurred, or it may occur at an infinite time scale or it may never happen due to unavoidable ambient losses. This means degradation of energy occurred in this process of heat transfer which is often expressed as generation of entropy. As a result of entropy generation, the quality of energy transferred from the source to the sink is reduced which is reflected by the availability of energy in the sink (the body to which energy is being transferred). This degradation in the quality of energy is called exergy loss (availability loss). The exergy loss is also called irreversibility [8] .
Different forms of energy have different capacities to do work. For example, potential energy, kinetic energy, and work energy can be converted completely to work, whereas only a fraction of heat energy can be converted to work while the remainder has to be rejected to the surroundings. The property exergy serves as a measure of the ability of energy to do work; it is equal to the maximum amount of work that can be extracted from a given quantity of energy (W max ). Thus, the exergy, E, associated with a given quantity of heat energy, Q, at a temperature of T can be derived from the Carnot efficiency (η carnot ) of a reversible heat engine working between T and the surroundings temperature, T o :
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From Equation (1) , the exergy factor of a given quantity of heat energy, Q can be written as (see Figure 1 ):
Energy is always conserved, but exergy is conserved only in reversible processes. Since all real processes are irreversible, their exergy output is usually less than the exergy input. The exergy output of a process includes utilized output and unutilized output, which is the exergy flow into the environment. The total loss of exergy in a process thus includes the loss due to irreversibility and the loss due to waste streams. Exergy is that part of energy that can be transformed into other forms of energy. It is the useful energy of a system in its environment, i.e., the maximum quantity of work that the system can execute in its environment [10] . For example, exergy for a flow stream consists of three essential components; temperature, pressure, and concentration, which have been used in exergy analysis of various systems including membrane processes [10, 11] .
The impetus for new tools for a comprehensive and accurate analysis of industrial and energy utilization systems comes from the need for sustainable development that could be impeded by exhausting energy sources and deteriorating environment. Exergy evaluation provides insight to achieve highest technological efficiency at the lowest cost while meeting the social and legal conditions. Exergy analysis is generally carried through various stages of process development including design phase and when evaluating economic feasibility of a system [12] . It is very critical in estimating the process economics, natural resource utilization and environmental impacts of a system because exergy performance depends on the environmental conditions (temperature and pressure) [12, 13] . Other process applications include exergy analysis of waste heat and solar energy utilization in desalination, nuclear desalination and air-conditioning systems [8, [11] [12] [13] [14] [15] [16] [17] [18] [19] . Exergy analysis identifies pathways to increase energy efficiency in a system, which benefits the environment by avoiding excess energy use, associated resource consumption, and environmental pollution. Improving energy efficiency increases both economic and environmental benefits [9] .
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Desalination Processes and Operation Principles
Desalination processes are based on two major principles: (1) evaporation/condensation and (2) separation or filtration [1, 2] . An evaporation process requires thermal energy to form pure water vapor from a saline water source which is being heated. This water vapor is condensed on a cooling surface to collect as freshwater. A small portion of electrical energy is required for fluid transfer and to create high or low pressures suitable for evaporation process. A separation process involves a membrane which acts as a physical barrier to separate water molecules from saline water via permeation or diffusion. Thermal-or evaporation-based desalination is the separation principle for solar distillation or solar stills; multi-effect evaporation/distillation (MED); multi-stage flash distillation (MSF); thermal vapor compression (TVC); and mechanical vapor compression (MVC). Electrodialysis (ED) and reverse osmosis (RO) are the predominant membrane based desalination processes. Other emerging desalination processes are membrane distillation (MD) and reverse osmosis combined with MSF or MED processes [2] . Details of working principles are discussed elsewhere [1, 2] . 
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Energy and Exergy Analysis of Desalination Processes

First Law of Thermodynamics
The first law of thermodynamics has been commonly used to analyze desalination technologies which considers, primarily, the quantity of energy utilized in a process. A general representation of a phase-change desalination process, including an evaporator and a condenser, is shown in Figure 1 [20] . Based on first law of thermodynamics, the energy balance on the low temperature desalination unit can be written as follows:
Energy efficiency of the desalination system is given as:
This Equation is also called gained output ratio (GOR) which is less than 1 for a solar powered single stage desalination system.
Exergy of Energy Flows
Different forms of energy flows are utilized in desalination processes which include kinetic, potential, heat, mechanical, electrical, chemical, and radiation energies, as shown in Figure 2 [21] . There are two forms of exergy: physical (mechanical and thermomechanical) and chemical (reactions and separations). Thermal desalination processes account for the heat and mass balances thus involving all forms of exergy in a flow. Membrane processes do not necessarily account for exergy related to heat in the process. 
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Different forms of energy flows are utilized in desalination processes which include kinetic, potential, heat, mechanical, electrical, chemical, and radiation energies, as shown in Figure 2 [21] . There are two forms of exergy: physical (mechanical and thermomechanical) and chemical (reactions and separations). Thermal desalination processes account for the heat and mass balances thus involving all forms of exergy in a flow. Membrane processes do not necessarily account for exergy related to heat in the process. Other forms of energy that could be of interest in solar desalination is through radiation. Electrical energy is common to both thermal and membrane processes. Specific exergy contents (expressions) for these flows are shown in Table 1 (where V is velocity of the flow, g is acceleration due to gravity, T is the temperature of the flow, To is the temperature of the reference environment, w includes the volume and pressure difference in the flow, gG is the chemical exergy, µ is the chemical exergy depending on the concentration of the flow, R is the universal gas constant, V is the voltage applied, and I is the solar irradiation) [22] . Chemical exergy depends on the composition of the solvents and significantly influences the exergy performance of a flow system [23] . Figure 2 . Exergy flows in a process stream, after [21] .
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To Ts
Exergy Analysis
A complete steady-state analysis of energy conversion/utilization processes can be made based on mass, energy, and exergy balances. Ignoring kinetic and potential energy terms, the three balances for a control volume are [22, 24] :
Mass balance:
Energy balance:
Exergy balance:
The variables are defined in the Nomenclature. While the mass and energy balance equations are well known, only the exergy balance is detailed here. The terms on the right hand side of the exergy Equation represent the exergy associated with heat transfer, j at temperature T j ; the work transfer; the exergy inflow; the exergy outflow; and the exergy destruction, respectively. The exergy inflow and outflow associated with the streams entering and leaving the control volume are quantified in terms of the specific exergy, e, defined as follows:
In the case of ideal gases, the following Equation can be expressed in terms of temperatures and pressures:
For a given set of operating conditions and the corresponding properties of the working fluid, the rates of exergy destruction and exergy loss for each component of the process can be computed from the above equations.
The following measures can now be defined to assess the thermodynamic performance of the components of a system and the entire system [9, 24] :
Exergy destruction ratio for component c of the system, y D,c :
Exergy destruction in system,
Exergy destruction ratio for complete system, y D :
Exergy loss ratio for the complete system y L :
E L
Exergy of fuel supplied, .
E F (11)
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Exergetic efficiency, ψ:
Exergy efficiency of the desalination system shown in Figure 2 can be defined in two forms as shown below.
Exergy efficiency based on the latent heat (available energy or exergy) in the water vapor (steam) generated from EC:
Overall exergy efficiency based on available energy or exergy in the freshwater condensed in condenser (final product):
This Equation is based on the available energy (exergy) in the water vapor generated from EC. The reference temperature was chosen as 298 K. Here, h and s are enthalpy and entropy of the corresponding fluid.
When the heat source is provided by solar energy, the Petela expression can be used to calculate the exergy of solar radiation [25] :
where .
E s is the solar exergy flow, A is the area of the collector, I s is the solar insolation (variables are defined in Nomenclature).
Why Exergy Analysis in Desalination Processes
Actual desalination process energy costs are 5-10 times higher than the ideal process energy costs, indicating a second law efficiency of under 20%. This also means that desalination plant performance, especially, MSF and RO plants, can be improved significantly [24, 26, 27] . The key to improving the process performance is by diagnosing the process components using second law analysis. Process diagnostics using thermodynamic principles will identify the units responsible for highest entropy generation, i.e., exergy destruction. The level of exergy destruction in desalination processes varies from process to process which are shown in Table 2 [28] . Basis for exergy calculations are provided in the table, for more details refer to [28] . Exergy destruction in a desalination process depends on the process and operational parameters related to feed water, heat source, process type, withdrawal and discharge conditions, and system configuration, such as hybrid or combine power and water production. Therefore, it is rather difficult to discuss the exergy variations in detail and provide examples for each case. This article presents summaries of a few studies which focused on the exergy performance of the major desalination processes.
Details related to the process are not provided but exergy destruction in the process are discussed. Readers are encouraged to refer to the original reports discussed in this paper for more details.
Case Studies for Desalination Exergy Performance Analysis
MSF Desalination
Kahraman and Cengel [29] evaluated the thermodynamic performance of a large-scale MSF desalination plant using actual plant data and operational data. Exergy flow rates were evaluated throughout the plant to determine the locations of major exergy destruction. The MSF unit contributed the majority of exergy destruction, which has the following operational data: water production capacity of 8.7 × 10 5 m 3 /day with an integrated power production capacity of 1295 MW with 40 MSF units each consisting of 22 flashing stages. Each MSF unit has a capacity of 23,500 m 3 /day. Seawater (a flow of 2397 kg/s) at 35 • C and a salinity of 46,500 ppm enters the desalination plant. A major portion of the incoming seawater is used as the cooling water and rejected into the sea while the rest (808 kg/s) is supplied through the MSF stages. The saline water is then flashed through the MSF stages at lower pressures in each stage successively with a total pressure drop of 627 kPa. The saline water (brine) is discharged at a flow rate of 536 kg/s and a salinity of about 70,000 ppm.
The results from the exergy analysis are shown in Figure 3 . The total second law efficiency was determined to be 4.2%. Majority of the exergy destruction occurred in the MSF distillation units. About 78% of the exergy destruction was calculated for MSF distillation unit, followed by 8.3% of exergy destruction in the heat exchangers, pumps and motors with a contribution of 5.3% and the discharge of cooling water having an exergy destruction of 4.8%. The remaining 3.8% of the exergy destruction occurred in throttling valves and discharge of the brine and product waters. to discuss the exergy variations in detail and provide examples for each case. This article presents summaries of a few studies which focused on the exergy performance of the major desalination processes. Details related to the process are not provided but exergy destruction in the process are discussed. Readers are encouraged to refer to the original reports discussed in this paper for more details.
Case Studies for Desalination Exergy Performance Analysis
MSF Desalination
Kahraman and Cengel [29] evaluated the thermodynamic performance of a large-scale MSF desalination plant using actual plant data and operational data. Exergy flow rates were evaluated throughout the plant to determine the locations of major exergy destruction. The MSF unit contributed the majority of exergy destruction, which has the following operational data: water production capacity of 8.7 × 10 5 m 3 /day with an integrated power production capacity of 1295 MW with 40 MSF units each consisting of 22 flashing stages. Each MSF unit has a capacity of 23,500 m 3 /day. Seawater (a flow of 2397 kg/s) at 35 °C and a salinity of 46,500 ppm enters the desalination plant. A major portion of the incoming seawater is used as the cooling water and rejected into the sea while the rest (808 kg/s) is supplied through the MSF stages. The saline water is then flashed through the MSF stages at lower pressures in each stage successively with a total pressure drop of 627 kPa. The saline water (brine) is discharged at a flow rate of 536 kg/s and a salinity of about 70,000 ppm.
The results from the exergy analysis are shown in Figure 3 . The total second law efficiency was determined to be 4.2%. Majority of the exergy destruction occurred in the MSF distillation units. About 78% of the exergy destruction was calculated for MSF distillation unit, followed by 8.3% of exergy destruction in the heat exchangers, pumps and motors with a contribution of 5.3% and the discharge of cooling water having an exergy destruction of 4.8%. The remaining 3.8% of the exergy destruction occurred in throttling valves and discharge of the brine and product waters. The exergy efficiency of this MSF plant is similar to the others but it is quite low when compared with a modern power plant which has an efficiency of up to 50% [30] . The exergy destruction in the MSF plants suggests the potential for improvements in its thermodynamic performance. To improve the exergy efficiency of the MSF distillation units, the number of stages could be increased, but at a higher capital cost, which may not be desirable. The other major exergy input is through the electrical energy supplied to the pumps which is a prime quality energy. This portion of exergy destruction can be reduced by utilizing high efficiency pumps and motors. Use of high quality steam in the plant is another contributor for the exergy losses, indicating possible use of low quality and low temperature steam. Standalone MSF units cannot be thermodynamically efficient for the above reasons. Therefore, consideration of cogeneration with power plants will provide higher benefits The exergy efficiency of this MSF plant is similar to the others but it is quite low when compared with a modern power plant which has an efficiency of up to 50% [30] . The exergy destruction in the MSF plants suggests the potential for improvements in its thermodynamic performance. To improve the exergy efficiency of the MSF distillation units, the number of stages could be increased, but at a higher capital cost, which may not be desirable. The other major exergy input is through the electrical energy supplied to the pumps which is a prime quality energy. This portion of exergy destruction can be reduced by utilizing high efficiency pumps and motors. Use of high quality steam in the plant is another contributor for the exergy losses, indicating possible use of low quality and low temperature steam. Standalone MSF units cannot be thermodynamically efficient for the above reasons. Therefore, consideration of cogeneration with power plants will provide higher benefits since the high quality steam produced by power plants can be used by the MSF unit which itself would serve as a condenser for the power plant [29] .
ChemEngineering 2018, 2, 28 8 of 27 Another study was performed on an MSF desalination plant with a water production capacity of 32,880 m 3 /day and a top brine temperature of 110 • C. The seawater enters at temperature of 27 • C and a flow rate of 1370 m 3 /h [31] . Heating steam is supplied at 205 • C at a pressure of 7 bar. This plant had a gain output ratio of 7.91. The exergy input into the MSF unit in the form of heating steam and pumping power was 10.7 MW (Figure 4) . The exergy of the cooling water was 4.04 MW. Similar to the previous study, the MSF unit was the major contributor for exergy destruction with up to 6.5 MW. The total exergetic efficiency of this plant was 1.9% [31] . The lower exergy efficiency of this plant can be realized in the higher steam temperatures and higher top brine temperatures. Higher exergy losses occurred through brine discharges in this system. High steam temperatures mean higher exergy supply, therefore low temperature steam could be used to increase exergy efficiency.
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Multi-Effect Distillation (MED) or Evaporation (MEE) Process
Exergy Evaluation of MED Process
Thermal desalination processes offer numerous opportunities for improving energy efficiency. This is mainly due to the cascaded operation of evaporation and condensation cycles which allow for recycling and reutilization of latent heat in several stages. Similar to the MSF process, the MED process also operates in multi-stage operation. Very few studies focusing on exergy evaluation of the MED process are reported thus far [35, 36] . A computer program was developed to analyze the exergy performance of a solar powered MED desalination system [35] . This study reported that inclusion of energy recovery systems may increase the exergy efficiency of the desalination process from 14.3% to 25.7%. In another study, a 15,000 m 3 /day capacity MED desalination plant was evaluated exergetically [36] . Here, the number of effects in the desalination process is shown to have a major impact on the exergy efficiency of the desalination process. An increase in the number of effects, i.e., from 1 effect to 6 effects increased the exergy efficiency from 3.8% to 8.4%. The MED process operates at a much lower temperature range compared to an MSF process. This limits the temperature differential (between the top brine temperature (TBT) in the first effect and lower brine temperature (LBT) in the last effect) available for the number of stages which allows for energy and product recovery [37] . For this reason, thermal processes (MSF and MED) are often integrated with a low temperature or waste heat driven adsorption cycle to increase the difference between the TBT and LBT from 70-40 • C to 70-10 • C, thereby increasing the potential number of MED or MSF evaporation stages/effects from a conventional range of 15 to 60 stages with the temperature drop per stage varying from 2 to 2.5 K. As a result, the specific energy consumption of the thermal desalination processes reduces drastically from 32 kWh th /m 3 to 11 kWh th /m 3 .
MED-TVC Process
MED-TVC (thermal vapor compression) combination is one of the most commonly reported configurations in the desalination processes. This combination is motivated by the following benefits: operational flexibility; fewer moving parts; less corrosion risk due to lower operating temperature range; and higher thermodynamic efficiency [38] . In principle, the TVC unit reutilizes the energy exerted from the last of the MED unit through a thermos-compressor (steam ejector) to reduce the heat loss in the final condenser and supply the energy required in the first effect of MED [39] . Exergy evaluation of MED-TVC systems are more common than the single MED process. The first exergy analysis of an MED-TVC system was reported in 1996 on a four-stage plant operating at a performance ratio of 6.5, located in the United Arab Emirates [39, 40] . The exergy evaluation study reported that major exergy destruction occurred in the first-stage of the MED unit and in the thermos-compressor of the TVC unit [40] . These results later confirmed by another study which suggested that the exergy inefficiency was due to high fuel exergy [41] . A study comparing three different configurations of MED-TVC systems further emphasized that the thermos-compressor and evaporator stages were the units contributing the most to the exergy losses [42] . The first effect contributed up to 50% of the total exergy destruction. Another analysis on 4500 m 3 /day, 10,000 m 3 /day, 16,000 m 3 /day, and 20,000 m 3 /day plant capacities reported that 70% of the total exergy destruction occurred in the TVC stage [43] . A detailed first and second law analysis of the MED-TVC process showed that the process is insensitive to concentration factor, rather a higher value of compression ratio should be maintained in the compressor for reduction of exergy destruction [44] . Analysis by Esfahani et al. [45] and Eshoul et al. [46] confirmed that a higher number of effects in the MED process may result in higher gained output ratio and lower product exergy costs. Attributing to irreversibilities in thermo-compressor and evaporators, a study on a 4-stage 46,000 m 3 /day capacity plant reported an exergy efficiency of 3.95% [45] . Using specialized software, a comprehensive study on a 24,000 m 3 /day capacity plant has shown that 40% and 35% exergy destruction have occurred in thermos-compressor and MED evaporator effects, respectively [46] . Another study focusing on optimization of a pilot MED plant process parameters based on energy and exergy performance criteria has revealed that high thermal energy consumption (i.e., utilization) is due to the discharged mass outflows while entropy generation and the environmental losses are the causes for exergy destruction [47] . It was also shown that not all operational parameters have an influence on the performance of the desalination plant. Piacentino [48] studied an 8-effect forward feed MED plant's thermodynamic performance and thermoeconomics using models developed in engineering equation solver. The combined study analysis has shown that the exergy (physical and chemical) costs vary throughout the plant significantly. An important observation was that the exergy costs of the freshwater in the last effects of the MED process are higher than the freshwater from earlier effects. Table 4 presents details on the exergy performances of MED-M/TVC processes and combined water-power generation systems using these desalination processes. [52]
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Reverse Osmosis Membrane Process
A reverse osmosis desalination plant with a treatment capacity of 7250 m 3 /day was evaluated for its exergy performance [53] . The plant received a brackish water source with a salinity of 1550 ppm and the product water had a salinity of less than 500 ppm. The flow schematic of the reverse osmosis plant is shown in Figure 5 .
A reverse osmosis desalination plant with a treatment capacity of 7250 m 3 /day was evaluated for its exergy performance [53] . The plant received a brackish water source with a salinity of 1550 ppm and the product water had a salinity of less than 500 ppm. The flow schematic of the reverse osmosis plant is shown in Figure 5 . The brackish water is supplied by a low pressure pump from which a partial flow is bypassed as blend. The raw water passes through static mixer to add chemicals to prevent potential scaling and fouling and then it passes through filters to remove the contaminants and suspended solids before it is pumped (high pressure pumps) through the reverse osmosis unit. The permeate flow from the RO unit will then be blended with the bypass saline water to produce product water with a required salinity of less than 500 ppm. The exergy analysis of the unit is shown in Figure 6 . The RO membrane unit accounts for the maximum exergy destruction in this unit which accounts for up to 74.1% [53] . Throttling valves contribute to other significant exergy losses and the smallest exergy losses occur in the static mixer and filter. The second law efficiency of the plant was 4.3%. The exergy efficiency was improved to 4.9% with addition of a pressure exchanger which resulted in savings of 19.8 kW. The brackish water is supplied by a low pressure pump from which a partial flow is bypassed as blend. The raw water passes through static mixer to add chemicals to prevent potential scaling and fouling and then it passes through filters to remove the contaminants and suspended solids before it is pumped (high pressure pumps) through the reverse osmosis unit. The permeate flow from the RO unit will then be blended with the bypass saline water to produce product water with a required salinity of less than 500 ppm. The exergy analysis of the unit is shown in Figure 6 . The RO membrane unit accounts for the maximum exergy destruction in this unit which accounts for up to 74.1% [53] . Throttling valves contribute to other significant exergy losses and the smallest exergy losses occur in the static mixer and filter. The second law efficiency of the plant was 4.3%. The exergy efficiency was improved to 4.9% with addition of a pressure exchanger which resulted in savings of 19.8 kW.
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A reverse osmosis desalination plant with a treatment capacity of 7250 m 3 /day was evaluated for its exergy performance [53] . The plant received a brackish water source with a salinity of 1550 ppm and the product water had a salinity of less than 500 ppm. The flow schematic of the reverse osmosis plant is shown in Figure 5 . The brackish water is supplied by a low pressure pump from which a partial flow is bypassed as blend. The raw water passes through static mixer to add chemicals to prevent potential scaling and fouling and then it passes through filters to remove the contaminants and suspended solids before it is pumped (high pressure pumps) through the reverse osmosis unit. The permeate flow from the RO unit will then be blended with the bypass saline water to produce product water with a required salinity of less than 500 ppm. The exergy analysis of the unit is shown in Figure 6 . The RO membrane unit accounts for the maximum exergy destruction in this unit which accounts for up to 74.1% [53] . Throttling valves contribute to other significant exergy losses and the smallest exergy losses occur in the static mixer and filter. The second law efficiency of the plant was 4.3%. The exergy efficiency was improved to 4.9% with addition of a pressure exchanger which resulted in savings of 19.8 kW. Another study reported the exergy analysis of a desalination plant in Jordan which received brackish water feedwater with a salinity of 2500 ppm [54] . This unit had two RO units which produced permeates of 90 and 70 ppm respectively. Similar to the flow scheme in Figure 5 , this unit had pressure filters and cartridge filters followed by RO units, a decarbonator, and a hydrostatic water tank. The exergy performance of the RO unit is shown in Figure 7 . The majority of exergy destruction occurred in the throttling valves which accounted up to 56.8% followed by membrane units with 21% of total exergy destruction. The pumps and motors caused 19.6% exergy destruction. The second law efficiency of this plant was 4.1% which was similar to the previous study reported by Cerci [53] . This analysis showed that the filters had higher exergy efficiencies. This analysis also suggested that replacement of throttling valves with energy recovery devices and pumps equipped with variable frequency motors might reduce the exergy destruction in the overall RO unit.
had pressure filters and cartridge filters followed by RO units, a decarbonator, and a hydrostatic water tank. The exergy performance of the RO unit is shown in Figure 7 . The majority of exergy destruction occurred in the throttling valves which accounted up to 56.8% followed by membrane units with 21% of total exergy destruction. The pumps and motors caused 19.6% exergy destruction. The second law efficiency of this plant was 4.1% which was similar to the previous study reported by Cerci [53] . This analysis showed that the filters had higher exergy efficiencies. This analysis also suggested that replacement of throttling valves with energy recovery devices and pumps equipped with variable frequency motors might reduce the exergy destruction in the overall RO unit.
In reverse osmosis systems, energy recovery can be accomplished through energy recovery devices which are known as turbine systems or pressure exchanger systems. Turbine systems consist of Pelton wheel or turbo-charger systems which convert the potential energy from the brine into mechanical energy. This energy can be supplied to the feed pump as an auxiliary power supply or directly to the feed water to reduce the specific energy use in the system. The pressure exchanger systems are also known as work exchangers which directly transfer the pressure from the brine to the feed water. Pressure exchangers are able to recover up to 98% of the pressure energy in the brine which is the highest energy recovery efficiency available in the industry. The Pelton turbines and turbochargers have longer history than the pressure exchangers but only have energy recovery efficiencies of 90%. With energy recovery devices, the specific energy requirements for desalination were reduced significantly which are between 2 and 4 kWh/m 3 for seawater and less than 1 kWh/m 3 for brackish waters. In reverse osmosis systems, energy recovery can be accomplished through energy recovery devices which are known as turbine systems or pressure exchanger systems. Turbine systems consist of Pelton wheel or turbo-charger systems which convert the potential energy from the brine into mechanical energy. This energy can be supplied to the feed pump as an auxiliary power supply or directly to the feed water to reduce the specific energy use in the system. The pressure exchanger systems are also known as work exchangers which directly transfer the pressure from the brine to the feed water. Pressure exchangers are able to recover up to 98% of the pressure energy in the brine which is the highest energy recovery efficiency available in the industry. The Pelton turbines and turbochargers have longer history than the pressure exchangers but only have energy recovery efficiencies of 90%. With energy recovery devices, the specific energy requirements for desalination were reduced significantly which are between 2 and 4 kWh/m 3 for seawater and less than 1 kWh/m 3 for brackish waters.
The energy recovery process also involves exergy destruction. A seawater reverse osmosis (SWRO) desalination plant with an energy recovery device (Pelton Turbine) achieved about 48.5% exergy efficiency [55] . This plant was located in Santa Cruz de Tenerife metropolitan area (Canary Islands, Las Palmas, Spain). The feed water (seawater) had a concentration of 36,888 ppm with a product recovery of 42%. The capacity of the desalination plant was 21,000 m 3 /day. The high pressure pump required an energy flow of 4 MW, of which 40% was recovered by the Pelton turbine. The exergy destruction (kW) and losses (%) are shown in Figure 8 . The total exergy destruction in the SWRO plant was 2050 kW. The RO membrane modules were responsible for 34.4% (704 kW) of exergy destruction. The Pelton turbine contributed the next highest exergy destruction of 23.7% followed by high pressure pump and product distribution. All of these core processes have contributed to more than 80% of exergy losses [55] . 
Integrated Membrane Systems
Membrane filtration processes such as ultrafiltration or microfiltration and nanofiltration can be used as a pre-treatment method for reverse osmosis process [56] . Because reverse osmosis membranes are susceptible to scaling and biofouling, a high level of pretreatment is often necessary to maintain the water quality as well as the longevity of membranes. Three different systems are shown in Figure 9 . A simple system of direct RO system (System 1); an RO system with a nanofiltration as a pretreatment step (System 2), and an RO system with a microfiltration and nanofiltration unit as pretreatment steps (System 3). System 1 operates on direct seawater as feed while System 2 operates on nanofiltration permeate as feed. In System 3, the RO unit operates on the permeate that passed through both micro and nanofiltration units. Table 5 shows the seawater flow rates and concentrations and the freshwater recovery efficiencies for the three systems. Three case studies were evaluated for each of these systems with and without an energy recovery device (either 
Membrane filtration processes such as ultrafiltration or microfiltration and nanofiltration can be used as a pre-treatment method for reverse osmosis process [56] . Because reverse osmosis membranes are susceptible to scaling and biofouling, a high level of pretreatment is often necessary to maintain the water quality as well as the longevity of membranes. Three different systems are shown in Figure 9 . A simple system of direct RO system (System 1); an RO system with a nanofiltration as a pretreatment step (System 2), and an RO system with a microfiltration and nanofiltration unit as pretreatment steps (System 3). System 1 operates on direct seawater as feed while System 2 operates on nanofiltration permeate as feed. In System 3, the RO unit operates on the permeate that passed through both micro and nanofiltration units. Table 5 shows the seawater flow rates and concentrations and the freshwater recovery efficiencies for the three systems. Three case studies were evaluated for each of these systems with and without an energy recovery device (either a Pelton turbine or a pressure exchanger). The details on the process configurations are provided in Reference [56] .
shown in Figure 9 . A simple system of direct RO system (System 1); an RO system with a nanofiltration as a pretreatment step (System 2), and an RO system with a microfiltration and nanofiltration unit as pretreatment steps (System 3). System 1 operates on direct seawater as feed while System 2 operates on nanofiltration permeate as feed. In System 3, the RO unit operates on the permeate that passed through both micro and nanofiltration units. Table 5 shows the seawater flow rates and concentrations and the freshwater recovery efficiencies for the three systems. Three case studies were evaluated for each of these systems with and without an energy recovery device (either a Pelton turbine or a pressure exchanger). The details on the process configurations are provided in Reference [56] . In the integrated processes, pretreatment through microfiltration and ultrafiltration units are included. The permeate recovery will be enhanced in the RO unit. However, the permeate quantity may be reduced due to losses in the microfiltration unit. Pretreatment reduces the biofouling and scaling issues in nanofiltration and RO units reducing maintenance and replacement costs. The permeate quality of the MF-NF-RO unit (System 3) was better than that for the NF-RO or RO units (Systems 2 and 1). The exergy efficiency results are shown in Figure 10 . Introducing energy recovery units, either a Pelton turbine or pressure exchanger, increased the exergy efficiency of all systems. It should be noted that the exergy recovery for System 1 is higher than Systems 2 and 3 because the energy recovery device recovers the exergy from a higher brine flow compared to Systems 2 and 3. In comparison with thermal desalination systems, membrane desalination systems possess higher exergy efficiencies. Mehdizadeh [11] analyzed a mathematical model for multi-solute RO systems to determine the optimum operating condition for an integrated nanofiltration (NF)-reverse osmosis (RO) seawater desalination plant. The integrated NF-RO process produced higher product and less entropy (less rate of lost work or exergy losses). Table 6 presents a summary of different reverse osmosis process exergy efficiencies [53] [54] [55] [56] [57] [58] [59] .
In comparison with thermal desalination systems, membrane desalination systems possess higher exergy efficiencies. Mehdizadeh [11] 
Solar Stills
The essential components of a passive solar still are collector plate (absorber), saline water (brine), and glass cover. Passive systems collect solar energy incident on the glass cover directly to cause evaporation of pure water. The exergy efficiency of a passive solar system was reported at 5% [60] . The absorber had an exergy efficiency of 12.9% and the saline water had about 6%. During non-sunlight hours, the sensible heat stored in the saline water causes further evaporation of freshwater due to lower ambient temperatures. The exergy efficiency of saline water during non-sunlight hours was reported as high as 93%. In this study, the parameter of highest influence was found to be solar exergy input. An exergy destruction of 615 W/m 2 was noted for the collector out of a solar exergy input of 935 W/m 2 [60] . Increasing the number of effects in solar stills may improve the exergy efficiency. Sow et al. [61] reported exergy analysis of a single, double, and triple effect solar stills. Three important criteria were applied which were water rejection limit of 50%, maximum salinity limit of 5.5%, and a minimum solar energy utilization. The exergy efficiency of the triple effect system was between 19 and 26% and that of the double-effect system was between 17% and 20%. The single-effect system had an exergy efficiency less than 4% [61] . Energy storage may also improve the energy and exergy efficiencies in solar desalination systems [62, 63] A recent study by Ibrahim and Dincer [64] evaluated the exergy performance of a solar still with an external condenser similar to many other previous studies [65] [66] [67] [68] . This comprehensive exergy analysis included rates of energy streams, exergy streams, exergy destructions, and improvement potentials. It was noted that higher solar energy absorption by the base as well as lower heat losses through solar still walls may increase the yields and thermodynamic performance of the solar still. They reported that increasing absorptivity of the basin by 12% (from 0.85 to 0.95) could result in enhancement of freshwater yield, energy and exergy efficiencies of the solar still by 27%, 25%, and 39%, respectively. Also by reducing the heat losses through the solar still by 75% may increase the freshwater yield and the second law efficiency by 87% and 152% respectively. Condenser was identified to contribute to major exergy losses. The energy and exergy efficiency of the solar still were 32.8% and 4% respectively [64] .
Tiwari et al. [69] conducted a comparative study on the active and passive solar stills. The active solar still was supported by flat panel solar collectors while the passive still was standalone receiving direct solar energy. The aim of this modeling study was to compare the yields of the solar still for two cases with inner and outer glass cover temperatures being equal and unequal. The results showed that the freshwater yields were higher for the active solar still in both cases when compared with passive solar still. The yields for the active still were 3.08 L and 2.85 L for equal and unequal inner and outer glass cover temperatures respectively while the same for the passive solar still were 1.14 L and 1.09 L, respectively. Furthermore, this study evaluated the effect of the number of solar collectors on the energy and exergy efficiencies of the active solar still. Since the depth of the saline water in the solar still would have significant effect on the process performance, calculations were performed at different saline water depths, as shown in Figure 11 . A higher number of solar collectors resulted in lower energy and exergy efficiencies, while the optimum number of solar collectors was determined to be 3. The depth of the saline water in the solar still also showed a negative effect on the energy and exergy efficiencies of the active solar still. Lower depth of saline water at about 5 cm was favorable in view of both the first law and second law efficiencies. Solar stills and similar configurations can be driven by low grade waste heat sources such as the heat rejected from domestic air-conditioning units and other industrial process waste heat sources [66, 67] . A summary of studies focusing on exergy efficiency in solar stills is presented in Table 7 [60, 64, [70] [71] [72] [73] [74] [75] [76] [77] . Several modifications of solar stills include single, double, and multi stage operation, active (with circulation or pumping) and passive still (without inclusion of any mechanical units), solar still design, shape and configurations, and integration with solar collectors or solar ponds. Other configurations include vacuum conditions in an evaporation chamber operated with direct solar energy, photovoltaic energy, and waste heat [78] [79] [80] . 
Membrane Distillation
Membrane distillation (MD) desalination processes provide unique opportunities for utilizing low grade heat sources generated from various sources such as a process waste heat or flat plate solar collectors. This process combines both the evaporation and separation component by incorporating the membrane separator to produce high quality permeates. This process can also be used to selectively remove various contaminants from a variety of impaired waters [81, 82] . It is convenient to employ flat plate solar collectors or solar ponds to develop standalone membrane distillation units [83, 84] .
MD Unit without a Heat Exchanger
A small solar-powered MD desalination plant located in Irbid (Jordan) was studied [85] . The system consists of an MD module (10 m 2 ), flat plate solar collectors (6 m 2 ), a membrane pump, and a PV module (Figure 12 ). The energy demands for the MD process were provided by the solar collectors while the electrical energy demand was met by a PV panel. Feed water was first supplied through solar collectors for preheating. A spiral-wound air-gap membrane distillation module with internal heat recovery function was used. The plant capacity was approximately 120 L/day with a high distillate product. The specific heat energy required was 200-300 kWh/m 3 . The gained output ratio varied between 0.3 and 0.9 depending on daily solar insolation.
while the electrical energy demand was met by a PV panel. Feed water was first supplied through solar collectors for preheating. A spiral-wound air-gap membrane distillation module with internal heat recovery function was used. The plant capacity was approximately 120 L/day with a high distillate product. The specific heat energy required was 200-300 kWh/m 3 . The gained output ratio varied between 0.3 and 0.9 depending on daily solar insolation. The exergy analysis of the MD unit is shown in Figure 13 . This unit was fed by a brackish water source with a TDS of 3000 ppm at a temperature of 308.15 K and 101.325 kPa pressure. The exergy efficiency of the total system with reference to the exergy collected by the solar collector was 0.3% while the exergy efficiency of the total system with reference to the exergy of solar irradiance is 0.01% [86] . The solar collector alone had an exergy efficiency of 6.5%. Within the MD unit, the major destruction occurred in the separation process, i.e., at the MD membrane with negligible exergy losses through the brine and distillate flows ( Figure 13 ). The exergy analysis of the MD unit is shown in Figure 13 . This unit was fed by a brackish water source with a TDS of 3000 ppm at a temperature of 308.15 K and 101.325 kPa pressure. The exergy efficiency of the total system with reference to the exergy collected by the solar collector was 0.3% while the exergy efficiency of the total system with reference to the exergy of solar irradiance is 0.01% [86] . The solar collector alone had an exergy efficiency of 6.5%. Within the MD unit, the major destruction occurred in the separation process, i.e., at the MD membrane with negligible exergy losses through the brine and distillate flows ( Figure 13 ).
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MD Unit with a Heat Exchanger
As shown in Figure 14 , this unit is considerably larger than the system without a heat exchanger unit [87] . It has four MD modules and a solar collector area of 72 m 2 with a heat storage tank of 3 m 3 . This system has two separate loops called as collector loop which harvests the solar energy into the heat storage unit and the seawater loop of the MD desalination modules which extracts the heat from the storage tank. Similar to the previous system, thermal energy demands were met by solar thermal collectors at source temperatures of 60 • C to 80 • C. The heat storage tank served as a heat recovery system. The seawater withdrawn for desalination is about 279.15 K, 101.325 kPa, with a salinity of 40,000 ppm. The schematic of the MD unit is shown in Figure 15 . Specific thermal energy consumption (energy required to produce unit distillate, expressed as kWh/m 3 ) for this unit was between 200 kWh/m 3 and 300 kWh/m 3 . However, with energy recovery, new air-gap MD modules have achieved very low specific energy consumption.
collector alone had an exergy efficiency of 3% less than the system without heat exchanger due to exergy losses from the heat exchanger. In this system, the MD unit accounts for nearly 55% of the exergy losses followed by almost 43% losses in the heat exchanger. The rest of the exergy losses are accounted for brine and distillate flows as shown in Figure 16 . It was noted that by increasing the membrane surface area, the exergy recovery can be improved, thereby decreasing the exergy destruction albeit at a higher cost. It is ideal to utilize PV-thermal systems to provide for both thermal and electrical energy requirements for the MD desalination process. PV-thermal systems also have high energy efficiency [62, 88] . Table 8 presents a summary of different membrane distillation process exergy efficiencies [59, 86, [89] [90] [91] . The exergy evaluation of this process is shown in Figure 15 . The exergy efficiency of the total system with reference to the exergy collected by the solar collector was 0.5% while the exergy efficiency of the total system with reference to the exergy of solar irradiance is 0.05%. The solar collector alone had an exergy efficiency of 3% less than the system without heat exchanger due to exergy losses from the heat exchanger. In this system, the MD unit accounts for nearly 55% of the exergy losses followed by almost 43% losses in the heat exchanger. The rest of the exergy losses are accounted for brine and distillate flows as shown in Figure 16 . It was noted that by increasing the membrane surface area, the exergy recovery can be improved, thereby decreasing the exergy destruction albeit at a higher cost. It is ideal to utilize PV-thermal systems to provide for both thermal and electrical energy requirements for the MD desalination process. PV-thermal systems also have high energy efficiency [62, 88] . Table 8 presents a summary of different membrane distillation process exergy efficiencies [59, 86, [89] [90] [91] . 
Other Configurations
Dual purpose power-water application is another way to increase the overall energy and exergy efficiencies. Combining power plants with thermal desalination systems in a cogeneration configuration is a well-known concept. Other types of integrated configurations involve a combination of a heat pump and a desalination unit. A double effect absorption heat pump was integrated to a multi-effect distillation (MED) unit powered by low temperature, medium temperature, and parabolic trough solar collector (PTC) systems [92] . The double effect absorption heat pump combined MED system powered by PTC resulted in the highest overall exergy efficiency of 4.3%, followed by medium temperature PTC and low temperature solar collector systems with 2.0% and 1.1%, respectively. As discussed earlier in Section 5.2, to increase the TBT-LBT range in a desalination process, hybrid desalination processes such as MED-AD (adsorption desalination) can be considered [37] . In a MED process combined with an AD process, the LBT of the hybrid process can be decreased from 35 • C to 10 • C. This configuration allows for a higher number of stages, thus enabling higher product recovery.
The low temperature operation also means that low grade heat sources can be employed which would otherwise be released into the environment without a purpose but to cause environmental issues.
Entropy Generation in Desalination Processes
The least work or heat of separation required for desalination processes must be determined to evaluate thermodynamic performance [22, 78] . It is difficult to determine the performance of desalination processes when both heat and work are required for separation, as in the thermal desalination process. Processes that require work only for separation are MVC (mechanical vapor compression), RO (reverse osmosis), and ED (electrodialysis). The second law efficiency of desalination systems can be evaluated in terms of entropy generation [93] . A control volume analysis method can be used to estimate the entropy generation in a system defined by a control volume consisting of its entirety [93, 94] .
All thermal desalination systems require both thermal and mechanical energy, and while chemical exergy is associated with mass flows, all need to be considered in a system analysis [93] . Source temperature is very important in determining the exergy efficiency of desalination processes. Second law efficiencies calculated by applying these equations are shown in Figure 16 for MSF (multistage flash), MED (multieffect distillation), MSVMD (multistage vacuum membrane distillation), and HDH (humidification and dehumidification) processes. Gained output ratios are also shown in Figure 16 [95] . Although the gained output ratio increases with an increase in heat source temperature in MSF, MED, and MSVMD processes, the trend in the humidification and dehumidification process is different, as shown in Figure 16 . This is because the HDH process depends on various conditions such as the ambient air temperature and the moisture content of the air.
Desalination Exergy Costs (Thermoeconomics)
Thermoeconomics, or exergy costs, analysis accounts for the consumption of input resources into an energy system that produces a product. Each of these systems consumes resources in a variation mainly due to the fact that each system involves a different number of processes along with their efficiencies [51, 96] . Exergy cost analysis reveals that a process with a low exergy performance may requires a high exergy input, therefore, indicating a higher consumption of external resources and a higher production cost. In this context, the thermoeconomic cost of a product is defined as those costs required to produce a unit exergy of the reference product. In systems with multiple products, the thermoeconomic cost is attributed to the product that involves the highest exergy destruction. Uche et al. [86] studied the exergy costs of a dual power and desalination plant considering six different configurations. It was reported that the dual plant exergy costs are strongly influenced by the final cost of the desalinated water and electricity. The inefficiency diagnosis performed in this study also highlights that the exergy costs analysis not only evaluates penalties due to inefficiencies but also allows discovery of the relationships between the inefficiencies and economic penalties. Another example that emphasizes the use of exergy costs analysis is that in desalination process analysis, in general, the exergy associated with the steam produced in the last product across the processes (MSF and MED) is considered to have the same quality. In a similar way, the steam supplied as a heat source in these processes is often considered to have same exergy value (or quality), but this is not true. For MED, the steam supplied initially and that finally released are quite different in their ability to produce work when compared with the steam supplied and that released by an MSF unit. Considering this issue, Ng et al. [37] performed an exergy cost analysis using the actual quality of the steam supplied in each of the processes. In general, about 20% of the steam fed to the MSF and MED processes is released as the bleed steam in the last effect. Considering this ratio, the energy and exergy costs of plants combined with power generation were calculated. As shown in Figure 17 , the exergy costs of the desalination processes are lower than the energy costs which represent the true costs of resources to be supplied into the system to produce freshwater as a product. A similar observation was reported in a study considering the exergetic (thermo-economic) optimization of an MED process, confirming the role of thermodynamic evaluation in optimizing the process parameters and product costs [97] .
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Concluding Remarks
Exergy analysis provides insight into the thermodynamic losses in desalination systems. This method is instrumental in identifying the key process units that are responsible for major exergy destruction. This information can be used to modify process configurations to optimize the exergy performance.
For thermal desalination systems, the exergy losses occur in condensers where the latent heat is lost to the environment or rejected to the cooling water. This is one area of consideration for better recovery and utilization of exergy. Brine circulation, heat recovery from brine discharges, and 
For thermal desalination systems, the exergy losses occur in condensers where the latent heat is lost to the environment or rejected to the cooling water. This is one area of consideration for better recovery and utilization of exergy. Brine circulation, heat recovery from brine discharges, and integration with heat pumps and other power generation systems are alternatives for increasing the exergy performance.
For membrane systems, the membrane barrier itself is the major exergy destructor and the improvements have almost reached thermodynamic efficiency through high permeability and low energy consuming membranes. However, integrating membrane processes with power generation or thermal desalination processes can be an attractive approach from an exergy point of view.
High exergy costs of heat sources should be minimized as much as possible. It is also advisable to utilize high exergy sources for higher quality product development. Heat pumps, absorption, and double stage heat pumps combined with thermal processes are attractive options for utilizing solar energy. From the case studies described here, it can be stated that for desalination purposes, considering the unavoidable destruction in both membrane and thermal systems, low exergy sources should be utilized as driving forces where possible. This may lead to efficient utilization of available energy resources for sustainable environmental and process development. It should also be noted that all cogeneration schemes involving power and water production are not entirely favorable. From an exergy point of view, power generation and membrane desalination system combination is more exergetically favorable when compared with thermal systems, despite the low exergy resource input. 
Nomenclature
